Periodic elastomeric cellular solids are subjected to uniaxial compression and novel transformations of the patterned structures are found upon reaching a critical value of applied load. The results of a numerical investigation reveal that the pattern switch is triggered by a reversible elastic instability. Excellent quantitative agreement between numerical and experimental results is found and the transformations are found to be remarkably uniform across the samples. It is proposed that the mechanism will also operate at much smaller scales opening the possibility for imprinting complex patterns at the nanoscale or switching photonic and phononic crystals in a controlled way. DOI: 10.1103/PhysRevLett.99.084301 PACS numbers: 42.70.Qs, 63.20.ÿe, 64.60.Cn The creation and use of nano-and micron-scale periodic structures to achieve unique properties is an exciting challenge of modern physics. The inspiration for much of this work comes from the natural world and, in the case of photonic crystals, is provided by the iridescent phenomena in butterflies, beetles, moths, birds, and fish [1] [2] [3] [4] . Other unique properties make them suitable as phononic crystals [5] and as tunable hydrophobic surfaces [6] . The ability to synthetically produce periodic structures at the micron and submicron length scales through microfabrication processes [7, 8] , interference lithography [9] [10] [11] [12] [13] [14] , as well as thermodynamically driven self-assembly [15, 16] has created new opportunities to mimic natural configurations and properties. These structures are generally static in nature or, in some instances, change in a more or less affine manner with deformation or other external stimuli [17, 18] . Hence, properties which are dependent on the precise length scale and/or spacing of the periodic features will exhibit a gradual monotonic change with deformation. Here, we reveal the ability to use deformation to trigger dramatic pattern transformations in certain classes of simple periodic structures at relatively small strains. The transformations are found to be a result of an elastic instability, are triggered over a small range of the applied load, and are thus reversible and repeatable. Cellular solids are characterized by a porous microstructure whereby the nature of the porosity may be either heterogeneous as a result of the foaming process or may be very regular due to specifically engineered structures such as honeycombs. The mechanical behavior of such systems is reasonably well understood [19] . Here, we manufacture two-dimensional latticed cellular structures from elastomeric sheets. The latticed structures reveal novel pattern transformations triggered by the applied load. Although experimental results are presented for structures fabricated at the millimeter length scale, the deformation-induced transformations are equally applicable to the same periodic structures at the micron and nanoscales and thus enable several avenues for new materials with transformative photonic, phononic, and hydrophobic or hydrophilic attributes.
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The experiments were performed using elastic specimens with arrangements of holes cut out of the material. The periodic lattice microstructures were water jet cut from 9.4 mm thick sheets of the photoelastic elastomer PSM-4 (Measurements Group) and the samples were nominally 100 mm by 100 mm. The material is birefringent under strain and has been used to study stress and strain pathways in granular materials and structures [20, 21] . Each specimen was subjected to uniaxial compression in the plane of the sheet at a constant nominal strain rate of 10 ÿ4 s ÿ1 using a Zwick screw-driven testing machine.
The first sample comprised a microstructure of a 10 by 10 square array of circular holes of 8.67 mm diameter with 9.97 mm center-to-center spacing, vertically and horizontally. The second specimen was a rectangular lattice of 12 by 17 elliptical holes of major axes 10.02 mm and minor axis 5.34 mm, with horizontal and vertical center-to-center spacings of 11.02 mm and 5.99 mm, respectively. The specimens were placed between two close fitting 5 mm thick polymethylmethacrylate (PMMA) sheets to eliminate out-of-plane buckling. Chalk was lightly dusted on the surfaces to help reduce frictional effects. The specimen and PMMA sheets were located on the Zwick platen and an aluminum bar spanning the entire cross section of the specimen was used to uniformly displace the top surface. A photo-flood lamp backlit the apparatus and both still and video images were recorded. In addition, polarizer sheets were used to qualitatively examine the stress distribution within the structure from the induced birefringence in the material. The nominal stress versus nominal strain behavior was recorded automatically.
Numerical simulations of the deformation of the two periodic structures were conducted utilizing nonlinear finite element analysis; the accuracy of the mesh was ascer-tained through a mesh refinement study. The elastomeric stress-strain behavior was modeled as a nearly incompressible neo-Hookean solid with a shear modulus of 3.25 MPa. The sheet structures were modeled in two manners: (1) considering a representative volume element (RVE) of the domain with appropriate periodic boundary conditions and containing small internal defects to aid the initiation of instabilities and (2) considering the full specimen, thus capturing any small geometry differences at the boundaries as well as any boundary effects on either constraining (top or bottom surfaces) or triggering (free side surfaces) the transformation.
Experimental and numerical results for the nominal stress versus nominal strain behavior of the square array of circular holes, up to a compressive strain of 0.10, are shown in Fig. 1 . The behavior is characterized by an initial linear elastic behavior with a sudden departure from linearity to a plateau stress. The departure from linearity is a result of a sudden transformation in the periodic pattern as shown in the snapshots of deformed configurations at different strains (Fig. 2) . Figure 1 also provides a direct comparison between the numerical and experimental stress-strain results. There is excellent quantitative agreement between the full model calculation and the experiment. During the first loading in the experiment, the instability is abrupt and characterized by the sharp load drop seen in Fig. 1 ; subsequent experimental cycles do not exhibit the load drop and coincide more directly with the full model simulation result.
The experimental and numerical images of the deformed configurations are shown in Fig. 2 . A gradual and homogeneous compression of the circular holes pattern during the linear elastic range of the deformation is replaced by a transformation to a strikingly different pattern of alternating mutually orthogonal ellipses above a nominal strain of 0.04. This corresponds to the plateau region immediately after the departure from linearity. The pattern transformation is a result of the compressive loading of the vertical interhole ligaments which undergo a buckling instability, thereby triggering the change to the new configuration. This is a truly elastic event and is completely reversible 
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084301-2 upon unloading (and occurs again upon reloading). Once formed, the new pattern becomes further accentuated in shape (the major axis of each ellipse lengthens and the minor axis of each ellipse shortens) with increasing macroscopic compressive strain as seen in the deformed images at strains of 0.06 and 0.10. The color contours seen in both the experiment and simulation results track the difference in the in-plane principal stress levels.
After transformation to the new configuration, much of the macroscopic deformation is observed to be accommodated by the rotation of the four matrix domains diagonally bridging neighboring holes; these domains experience negligible strain but undergo large rotations. This local behavior has also been observed to be a deformation mechanism in thermoplastic vulcanizates [22] .
The RVE results exhibit an earlier departure from linearity than the full model since the former does not capture the influence of the boundary conditions (on the top, bottom, and side surfaces) on the initiation of the instability. However, the RVE results do capture the deformation-triggered transformation to the new pattern. Hence, the RVE results indicate that the transformation event does not rely on a finite size lattice with triggering from boundary edge conditions and, hence, will also occur in very large arrays.
Interestingly, in a recent model of Triantafyllidis et al. [23] , the ''failure surface'' of two-dimensional two-phase periodic structures was determined in biaxial strain space. The onset of failure is taken to be a result of local structural instabilities as well as corresponding loss of ellipticity in the macroscopic homogenized tangent stiffness tensor of the composite material. The onset of failure is taken as the point at which instability initiates and deformation localizes in the material. This study is pertinent to the present work in its framework and ability to assess the onset of ''failure'' which corresponds to, in our study, the onset of the phase transformation. Here, we emphasize not only the onset of the transfiguration, but also the uniformity and robustness of the metamorphosis which occurs throughout the structure (as demonstrated in our experiments and simulations). In other words, the instability does not localize deformation over a few repeating cells or rows, but instead results in a completely homogeneous pattern transformation throughout the structure. The transformed structure is then further accentuated with continuing deformation and this occurs at constant load-a characteristic of a ''superelastic'' deformation-induced phase transforming solid such as shape memory alloys. The entire process is reversible and repeatable. This basic result encourages pursuit of other such periodic elastomeric structures where next we study regular patterns of elliptical holes.
The nominal stress-strain behavior for the rectangular array of elliptical holes up to a strain of 0.06 is shown in Fig. 3 with corresponding deformation images shown in Fig. 4 . There is excellent agreement between the full model predictions and the experimental results. The stress-strain behavior is observed to be linear elastic with homogeneous compression up to a strain of 0.03. The stress then plateaus as a result of the pattern transformation event. Again the transformation is a result of a local buckling instability in the ligaments. In this case, the array of identical ellipses is transformed to an alternating array of high and low aspect ratio ellipses where the aspect ratio contrast increases with increasing macroscopic strain and the low aspect ratio ellipses become nearly circular. This behavior is again reversible and repeatable.
We have uncovered surprising novel pattern transformation processes in elastomeric cellular solids using the simple application of a unidirectional load. The effect has been demonstrated at millimeter length scales (suitable for microwaves) but should also persist at the micro (infrared) or even nanoscales. There is considerable current interest in the development of photonic crystals using periodic lattices of the type investigated here. The inspiration for much of this work comes from the brilliant coloration of birds and insects [1] [2] [3] [4] . The optical phenomena which pertain to the natural effects are diverse and mimicking the full range of behavior synthetically remains a formidable challenge. Propagation through structures and interference and diffraction from them at various levels are all likely to be important [24 -26] . The manufacture of photonic crystals, on the other hand, usually involves the construction of relatively simple periodic structures [7, 8] . Our work indicates the exciting prospect of a technological advance by imprinting complex patterns during the fabrication process using a minimum number of developmental steps. For example, this could be done by heating a stiff substrate above its glass transition temperature, applying a load to trigger the transformation, and then freezing the pattern in by cooling. This technique could be taken one step further whereby a reheating step would recover the initial pattern (due to the shape memory effect in amorphous polymers). For example, the elliptical patterns thus formed from the initial array of circular holes are of significant interest in photonic crystals as they have a marked effect on the transmission of polarized light [27, 28] .
An equally exciting prospect is that the pattern can be switched on and off by the application of an external force. It is known that external pressure applied to the wings of beetles can in itself suppress iridescence [29] . In the case considered here the pattern transformation event is nonlinear in nature and thus very small changes in macroscopic strain produce a sudden transformation in the pattern. Hence we have the distinct possibility of fabricating an optical switch which could be used, for example, to direct light in a controlled manner.
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